INTRODUCTION
The accurate completion of chromosomal DNA replication is essential to maintain genomic integrity. During DNA synthesis the progression of replication forks is frequently challenged and arrested by DNA lesions, resulting either from endogenous or exogenous DNA damage, and by intrinsic pause sites on chromosomes. Such intrinsic replication fork barriers (RFBs) are associated with highly transcribed regions, chromosome architecture and DNA secondary structure (Cha and Kleckner, 2002; Mirkin and Mirkin, 2007; Tourriè re and Pasero, 2007) . It is critical to maintain an arrested replication fork in an appropriate configuration such that it can efficiently resume DNA synthesis once the impediment is resolved. We define this as a ''stalled'' replication fork. Failure to maintain an arrested fork in a stalled configuration results in fork ''collapse,'' a situation where resumption is impaired and pathways such as homologous recombination (HR) must act to restart replication.
The intra-S phase checkpoint plays essential roles both in the stable stalling of arrested replication forks and in preventing fork reversal. Fork reversal is thought to be one form of fork collapse and results from the annealing of the two nascent strands behind the fork to generate pathological ''chicken foot'' structures. These resemble Holliday junctions and are thus prone to cleavage (Lambert et al., 2005; Lopes et al., 2001; Myung et al., 2001; Osborn et al., 2002; Paulovich et al., 1997; Sogo et al., 2002; Tercero and Diffley, 2001 ). In budding yeast, when cells deficient in the intra-S phase checkpoint (i.e., rad53 chk2 mutants) are treated with hydroxyurea (HU), the majority of forks collapse. Some 8.3%-11.2% of these events manifest as reversed forks (Sogo et al., 2002) , a phenomenon that is independent of HR (Cotta-Ramusino et al., 2005; Lambert et al., 2007; Lopes et al., 2001) . These chicken foot structures are considered pathological and potentially contribute to genomic instability and cancer via elevated recombination and incomplete DNA synthesis (Lopes et al., 2001; Sogo et al., 2002; Tercero and Diffley, 2001) .
Mechanistically, it remains unclear how the intra-S phase checkpoint stably stalls arrested replication forks, both at the level of maintaining the replication proteins at the site of DNA incorporation and in preventing inappropriate DNA transactions. We are specifically interested to understand how the intra-S phase checkpoint prevents fork reversal. The key questions include: what is the downstream target(s), what is the relevant biochemical function, and how is this regulated ( Figure 1A )? Here we report the identification of fission yeast Dna2, an endonuclease known to function at replication forks to process Okazaki fragments, as a target of Cds1
Chk2 and demonstrate that Dna2 nuclease activity is directly responsible for preventing stalled replication forks from collapsing through fork reversal. Cds1 Chk2 phosphorylates Dna2-S220 and this phosphorylation is required both in vivo and in vitro for Dna2 association
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RESULTS
The S. pombe Intra-S Phase Checkpoint Is Required to Prevent Fork Reversal In Saccharomyces cerevisiae, fork reversal has been demonstrated in response to fork arrest in intra-S phase checkpoint deficient cells. To establish whether this is also the case for S. pombe, wild-type (WT) and checkpoint defective (Tanaka and Russell, 2001 ) cds1 À cells were treated with HU, and DNA was prepared for analysis by electron microscopy Sogo et al., 2002; Sogo and Thoma, 1989) . We observed that $8.1% of arrested forks were reversed in HU-treated cds1 À cells, compared to $1.3% of reversed forks in HU-treated wild-type or untreated cds1 À cells ( Figure 1B ). (Note that in S. cerevisiae, $1% fork reversal is observed in HU-treated WT cells or untreated rad53 À cells (Sogo et al., 2002) ). Therefore, this function of the intra-S phase checkpoint in maintaining fork integrity is conserved between the budding and fission yeasts, suggesting a similar function in higher eukaryotes. In contrast, lack of Chk1 (G2/M checkpoint kinase) did not increase the level of fork reversal ( Figure 1B ).
Dna2 Prevents Arrested Replication Forks from Reversing
We hypothesized that Cds1 directly phosphorylates one or more proteins to prevent fork reversal (''protein X,'' Figure 1A ). To identify such targets we used two approaches: For the first approach we used mass spectroscopy to screen for proteins that were present in chromatin fractions and phosphorylated in a Cds1-dependent manner when replication forks were stalled by the presence of HU. For the second approach we used in vitro DNA affinity chromatography against an artificial replication fork structure to enrich proteins present in chromatin extracts prepared from HU treated cds1 + cells, but which was missing from equivalent purifications from cds1 À cells. One protein, Dna2, presented in both screens. The first screen showed that Dna2 was phosphorylated on S220 and S135 only when prepared from HU treated cds1 + cells ( Figure S1A available online). S220-phosphorylated peptide abundance was $8-fold more than the S135-phosphorylated peptide. Cds1-mediated phosphorylation of Dna2-S220 was later confirmed in vitro by using purified Cds1 and Dna2 proteins (see Figure 4B and Figure S7 ). The second screen also identified Dna2, this time as a model fork binding protein that was present only in the chromatin extracts derived from HU-arrested cds1 + cells but not in the chromatin extracts derived from HU-arrested cds1 À cells ( Figure S1B ). We later observed that Dna2 phosphorylation by Cds1 is necessary for Dna2 association with chromatin in HU treated cells (see Figure 3 ). This indicates we did not observe Dna2 binding to model forks when chromatin was prepared from cds1 À cells because it was not present in the chromatin preparation. The first step of fork reversal must be the dissociation of a nascent strand (leading or lagging) from its template DNA strand at the arrested fork ( Figure 1A ). Subsequent pairing of the dissociated nascent strand with the second nascent strand then results in fork reversal, creating a chicken foot structure. Fork reversal can thus be prevented if the initial nascent strand is cleaved by a nuclease following its dissociation. Thus, as shown in Figure 1A , cleavage of the initial flap-like structure will prevent fork reversal. Dna2, along with Fen1, is located at replication forks, and both possess flap endonuclease activity for processing Okazaki fragments in vivo (Ayyagari et al., 2003; Kang et al., 2000; Stewart et al., 2009) .
We therefore examined the role of Dna2 and Fen1 in preventing fork reversal. In a Fen1-deficient strain (rad2 in S. pombe; not essential for growth [Murray et al., 1994] ) treated with HU, the rate of fork reversal remained at the basal level ($1.2%), suggesting that Fen1 does not play an important role in preventing fork reversal. dna2 is an essential gene (Budd et al., 1995; Kang et al., 2000) , so we constructed a diploid strain with one dna2 gene replaced with ura4. After sporulation of the diploid, the mixed population of dna2 À and dna2 + haploid spores were incubated in medium lacking uracil, allowing only dna2 À spores to germinate. Germinating dna2 À spores started to synthesize DNA at $6 hr after incubation, resulting in a significant population of cells containing a 2C DNA at $18 hr ( Figure S2A ). These exhibited an elongated cell phenotype, a characteristic of celldivision-cycle mutants ( Figure S2B ). dna2 + (ura4 À ) spores could not synthesize DNA in medium lacking uracil and thus remained with a 1C DNA content.
To analyze the structure of arrested forks in Dna2-defective cells, spores were first germinated for 6 hr and then HU or MMS were added to cultures for 4-9 hr before harvesting. Approximately 1% of forks reversed in untreated germinated dna2 À spores, similar to levels in either HU-or MMS-treated germinated dna2 + spores or untreated dna2 + germinated spores. In contrast, $8.7% and $8.1% of replication forks reversed to form chicken foot structures in the germinated dna2 À spores treated with either HU or MMS for 6 hr ( Figure 1B ).
Similar rates of fork reversal ($8%) were seen with increasing time of HU treatment (4, 6, and 9 hr; Figure S3A ). These data indicate that Dna2 is required for preventing fork reversal in otherwise S phase checkpoint-proficient cells. Figure 1H indicate the broken ends of one reversed ssDNA. Consistent with observation from S. cerevisiae rad53 À cells (Sogo et al., 2002) , ssDNA regions of HU-stalled forks from both cds1 À and dna2 À cells were also detected ( Figures 1L and 1M ): $40% of forks contained a ssDNA region on one side with an average length of 400-500 nucleotides (nt). Approximately 20% of forks contained $250 nt ssDNA on both sides. The remaining forks show undetectable, or at least very short, ssDNA regions. In contrast, the average length of ssDNA regions in HU-arrested forks from wild-type cells was $250 nt.
Cds1 and Dna2 Are Epistatic in Preventing Fork Reversal
The observed frequency of HU-arrested fork reversal was equivalent for both cds1 À and dna2 À cells ( Figure 1B ), consistent with
Cds1 and Dna2 acting in the same biological pathway. To examine this, we used a temperature-sensitive (ts) dna2-L1097S mutant (Kang et al., 2000) . HU-treated dna2 ts cells grown at 26 C or 36 C exhibited $0.9% and $5.6% of reversed forks, respectively ( Figure 2A ). Importantly, equal levels of fork reversal ($8.4% versus 8.3%) were obtained when cds1 À and cds1 À -dna2 ts double-mutant cells were treated with HU at the restrictive temperature of 36 C. We conclude that Cds1 and Dna2 likely act in the same pathway to prevent fork reversal.
As an alternative method to examine fork reversal, we performed 2D gel analysis (Lopes et al., 2001) , where a ''X-spike'' signal represents the reversed forks (Bell and Byers, 1983; Branzei et al., 2006; Cotta-Ramusino et al., 2005; Zou and Rothstein, 1997) . The X-spike signal, which is present as expected in DNA from HU-treated wild-type cells ($0.83%), was increased in dna2 ts cells ($1.8%) and further increased in cds1 À cells ($6.3%). Consistent with our epistasis analysis using electron microscopy (EM), the X-spike signal was similar for cds1 À and
Although the 2D-gel analysis can be argued to have a relatively lower accuracy for quantifying fork reversal when compared to EM analysis absolute values, the fact of wild-type < dna2 ts < cds1 À $cds1 À -dna2 ts in both assays is consistent with a single Cds1 and Dna2-dependent pathway.
Dna2 Dissociates from Stalled Forks in the cds1 À Cells
We propose that Dna2 is a downstream target of Cds1 Chk2 .
However, Dna2 could indirectly influence Cds1 Chk2 activity by functioning upstream. To distinguish between these possibilities, we examined intra-S checkpoint activation by monitoring Cds1
Chk2 phosphorylation at T11 following HU-treatment of germinated dna2 À spores or dna2 ts cells shifted to the restrictive temperature of 36 C (Tanaka and Russell, 2004) . As expected, 
Cds1
Chk2 was phosphorylated after HU treatment of wild-type cells. In untreated dna2 ts cells at 36 C, Cds1 was moderately phosphorylated (most likely due to unligated Okazaki fragments), and this became more prevalent following HU treatment ( Figure 3A ). Importantly, for germinated dna2 + or dna2 À spores treated with HU, Cds1 was equivalently phosphorylated at T11 ( Figure 3A , see legend). These data indicate that the reversal of HU-arrested forks in dna2 ts and dna2 À cells results directly from loss of Dna2 activity, rather than indirectly through loss or reduction of the Cds1-dependent checkpoint.
In unperturbed replication, Dna2 processes Okazaki fragments (Kang et al., 2000) , and we propose that in response to replication arrest, it has a role in preventing fork reversal. In both instances, Dna2 would be expected to colocate with the replication fork. We therefore used Chromatin immunoprecipitation (ChIP) to examine whether Dna2 and DNA polymerase a colocated in HU-arrested wild-type cells. Consistent with Dna2 being fork associated, the ARS3001 origin was enriched $4-to 5-fold by antibodies against Pola or Dna2 ( Figure S4A ). We next examined the general chromatin association of Dna2 in cds1 À and cds1 + cells, either in the presence or absence of HU treatment. In unperturbed cds1
À and cds1 + cells in S phase, both the total amount and the chromatin association of Dna2 were equivalent ( Figure 3B ). However, following HU treatment Dna2 chromatin association was reduced $5-fold in cds1 À cells when compared with cds1 + cells, whereas the total Dna2 amount remained similar ( Figure 3C ).
Consistent with Cds1
Chk2 being required to maintain Dna2 at arrested forks, ChIP analysis showed that, although Pola remained enriched at ARS3001 in HU-treated cds1 À cells, Dna2 enrichment was significantly reduced ( Figure S4B ). The general fate of replication proteins when forks stall or collapse is unknown. To establish whether HU-induced chromosome dissociation in the absence of Cds1 Chk2 activity is a common feature, we also examined Cdc45 and Sld5. Both resembled Pola and showed no changes in chromatin association. Thus, the majority of replication proteins likely remain associated with stalled forks, and Dna2 is an exception. We also determined that in dna2 ts cells at 26 C or 36 C ( Figure 3D ) the three proteins remained chromatin associated during HU treatment.
Cds1 Phosphorylates Dna2 on S220 and Promotes Dna2
Association with Stalled Replication Forks Dna2 was phosphorylated at S220 and S135 in vivo ( Figure S1A ). To establish whether Cds1 directly phosphorylates Dna2, overexpressed Cds1 was purified to apparent homogeneity from HU-treated S. pombe cells ( Figure 4A ) and used to phosphorylate purified S. pombe Dna2 ( Figure 4B ). Mass spectroscopy determined that S220 was strongly phosphorylated ( Figure S7 ). In addition, we observed T79 phosphorylation at $13-fold lower abundance, based on the levels of trypsin-digested phosphorpeptides. These in vitro data indicated that Cds1 directly phosphorylated Dna2-S220. Dna2-S135 phosphorylation, which was detected in vivo in three independent experiments, was not detected in two independent in vitro experiments. T79, S135, and S220 each lie within a Cds1 Chk2 -consensus motif (I/LxR/KxxS/T) (O'Neill et al., 2002; Seo et al., 2003) . We conclude that the Dna2-S220 is the major Cds1
Chk2 phosphorylation site and that T79 and S135 are potential minor sites. Dna2 dissociates from chromatin in HU-arrested cds1 Chk2 was immunoprecipitated with a-Cds1 antibody, separated by SDS-PAGE and Western blotted by using a-Cds1-phospho-Thr-11 (Tanaka and Russell, 2004) . Bottom: input Cds1 Chk2 levels were determined by using polyclonal a-Cds1 antibody. Figure S4 .
phosphorylation in Dna2 association with HU-arrested replication forks. To establish a direct role of phosphorylation in chromatin association, we isolated chromatin from HU-arrested cds1 À cells, which contains HU-arrested replication forks but is free from endogenous Dna2, and determined whether Dna2 could associate with this material when it was phosphorylated by Cds1 Chk2 ( Figure 4C ). Mixing Dna2 with Cds1 Chk2 in the absence of ATP was insufficient to drive association, whereas the addition of ATP resulted in Dna2 chromatin association. Thus, Cds1 Chk2 did not promote Dna2 association with chromatin-containing stalled forks directly but provided this activity via phosphorylation ( Figure 4C ).
Stalled Forks Reverse in the dna2 S220A Strain
To examine the role of Cds1
Chk2
-mediated Dna2 phosphorylation in vivo, we constructed five mutant strains (Figure 5A Figure 5B ) indicates that normal replicative functions are unaffected by the S220A mutation. dna2 S220A cells were significantly more sensitive to HU than the dna2 + controls ( Figures 5C and 5D ), whereas the phosphomimic dna2 S220D mutant was not HU sensitive ( Figures 5A and 5C ).
Further mutation of T79A and S135A alongside S220A (dna2 S220A,T79A,S135A ) did not result in further HU sensitivity (data not shown). When the cds1 À mutation was combined with the phosphomimic mutant, dna2 S220D , the resulting cds1
S220D strain could apparently rescue the HU sensitivity of cds1 À cells ( Figure 5E ). Considering that the Dna2 S220D may not fully mimic the phosphorylation of Dna2 on S220 site, the actual rescuing extent from the phosphorylated Dna2 on S220 site may be higher than the observed value from the assay of the phosphomimic dna2 S220D strain. This is consistent with the suggestion that Dna2 is a target of Cds1
Chk2 during intra-S phase checkpoint activation and that Dna2-S220 phosphorylation plays a role in stabilizing stalled replication forks. It also indicates that Cds1 Chk2 has other targets that are important for stabilizing stalled forks because the phosphomimic Dna2 S220D did not completely rescue the HU sensitivity of cds1 À cells.
Cds1
Chk2 -dependent phosphorylation is required for in vitro Dna2 association with chromatin isolated from cds1 À cells treated with HU ( Figure 4C ). Figure 5F ). Importantly, ChIP analysis confirmed that Dna2 S220A dissociated from ARS3001 after HU-treatment in cds1 + cells, whereas Pola did not ( Figure S4C ).
If the Cds1
Chk2 -dependent phosphorylation of Dna2 on S220 prevents stalled replication forks from reversing, then arrested forks are predicted to reverse in dna2 S220A cells. We therefore examined the structures of HU-arrested replication forks in dna2 S220A cells by electron microscopy ( Figure 5G ). HU-arrested forks reversed in the dna2 S220A cells at the same frequency as observed for cds1 À cells. Thus, Cds1
Chk2 -mediated phosphorylation of Dna2-S220 prevents arrested forks from reversing.
The Nuclease Activity of Dna2 Is Essential for Preventing Stalled Forks from Reversing S. pombe Dna2 possesses both nuclease and helicase activities. To determine whether the nuclease or helicase activity are required to prevent fork reversal, two dna2 alleles, dna2 E560A and dna2 K961T , were constructed. Mutation of E560A in Chk2 was purified to apparent homogeneity by using conventional and affinity chromatography exploiting the 6x histidines and T7 single-stranded DNA binding protein tags).
(B) Autoradiograph of Cds1-mediated 32 P-phosphorylation of Dna2. Mass spectrometry determined that Cds1
Chk2 phosphorylates Dna2 on S220.
(C) Phosphorylation of Dna2 by Cds1 Chk2 promotes Dna2 association with chromatin prepared from HU-arrested cds1 À cells. First, Dna2 was phosphorylated by using 6His-T7SSB-Cds1 coupled to protein A-agarose beads via a-SSB antibody. Subsequently, 6His-T7SSB-Cds1 was removed by centrifugation and ATP removed by gel filtration. Phosphorylated Dna2, or control unphosphorylated Dna2 (no ATP added) was mixed with chromatin prepared from HU-arrested cds1 À cells and incubated at 37 C for 10 min. Finally, chromatin was collected by centrifugation (20,000 g, 10 min), washed twice (100 mM KCl) and resuspended in SDS loading buffer. Chromatin-bound Dna2 protein was detected by SDS-PAGE and Western blot by using a-Dna2 antibody.
S. pombe Dna2 corresponds to E642A in S. cerevisiae (Budd et al., 2000) , which removes the nuclease activity, whereas S. pombe K961T corresponds to S. cerevisiae K1080E and removes helicase activity. Dna2 E560A could not support growth of dna2 ts cells at the restrictive temperature of 36 C when expressed ectopically, suggesting that Dna2 nuclease activity is essential in S. pombe ( Figure 6A ). Conversely, Dna2
K961T could complement dna2 ts cell growth, indicating a less important role for the helicase function. In S. cerevisiae the absence of Dna2 causes inviability, which can be suppressed by deletion of checkpoint genes, presumably because unprocessed Okazaki fragments signal terminal arrest (Budd et al., 2011) . To examine the role of the nuclease and helicase activities in preventing fork reversal, we germinated the dna2 E560A and . The serine AGC codon equivalent to position 220 was mutated to either GCC (alanine) or GAC (aspartate (F) Dna2 S220A dissociates from chromatin following HU-treatment. Wild-type (WT), cds1 À and dna2 S220A cells were grown to log phase, arrested in mitosis by the presence of TBZ, harvested by centrifugation, resuspend in fresh medium and split into two aliquots. 12.5 mM HU was added to one half and both incubated for an additional 3 hr. Chromatin was isolated and the association of Dna2, Dna2 S220A and Cdc45 proteins with chromatin examined by Western blotting.
(G) The rates of reversal of HU-arrested forks were quantified by electron microscopy in dna2 S220A and control cells.
Error bars in (B) and (D) were prepared and examined for fork reversal by EM ( Figure 6B ). Approximately 6.7% of forks were reversed in dna2 E560A nuclease mutant, indicating that the nuclease activity of Dna2 is required to prevent fork reversal. Only 1.5% of arrested forks reversed in the helicase mutant spores, suggesting a less important role for this activity. A low residual nuclease activity for Dna2 E560A ( Figure 7B , right panel) may explain why fork reversal level in the dna2 E560A germinated spores was $6.7%, compared to the $8.5% observed for dna2 À germinated spores.
Dna2 Efficiently Cleaves Regressed Leading or Lagging Strands at Model Replication Forks
In vivo, Dna2 nuclease prevents reversal of replication forks stably arrested by the intra-S phase checkpoint. This Dna2 function is regulated by Dna2-S220 phosphorylation by Cds1 Chk2 , which promotes Dna2 association with chromatin-containing arrested replication forks. To explain how Dna2 prevents arrested forks from reversing, we propose that Dna2 cleaves unpaired nascent strands (which are obligate intermediates of fork reversal) at arrested forks, thus preventing fork reversal (see Figure 1A ). We thus examined whether Dna2 can cleave unpaired nascent strands at model fork constructs. HA-His-tagged Dna2 was overexpressed and purified from S. pombe cells (Figure 7A , faint low molecular weight bands are degraded Dna2) and assayed for activity against ss-or dsDNA. Consistent with Dna2 from other organisms (Bae et al., 1998; Budd et al., 1995; Kim et al., 2006) , SpDna2 digested ssDNA, but not dsDNA, mainly at the 5 0 end, yielding two to three nucleotide products ( Figure 7B, left panel) . Equivalent results were obtained by using Dna2 overexpressed and purified from insect cells ( Figures S5A and S5B ). When 32 P-3 0 end-labeled ssDNA was a substrate, an expected size ladder of digested ssDNA products was seen ( Figure 7B, right panel) . Thus, the cleavage pattern on ssDNA by purified SpDna2 is consistent with the expected biochemical properties (Budd et al., 2000) . Equivalently purified nuclease-dead Dna2 E560A displayed significantly lower activity and removal of Dna2 by immunodepletion similarly reduced ssDNA digestion ( Figure S5B ). Thus, the activity observed is Dna2 specific.
Next, two artificial fork constructs containing 40 nt unpaired leading or lagging strands were used as substrate. Dna2 could cleave the unpaired leading or lagging ssDNA ( Figures 7C and  7D) . Similarly, Dna2 cleaved two unpaired (noncomplementary) leading and lagging strands within a single fork ( Figures 7C  and 7D ). The digestion pattern observed with either one or two unpaired nascent strands was very similar, suggesting that the cleavage of one unpaired nascent strand is unaffected by the presence of a second unpaired nascent strand ( Figures 7C and  7D ). Removal of Dna2 by immunodepletion blocked cleavage, confirming that the digestion is Dna2 specific. Equivalent cleavage patterns were obtained when insect cell-purified Dna2 was used (data not shown).
The cleavage pattern observed for unpaired ssDNA associated with forks appears distinct from that seen with free ssDNA: for free ssDNA, the favored cleavage site was two to three nucleotides from the 5 0 end. A few additional internal sites were favored, implying the cleavage pattern was not random (Figures 7B and Figure S5B ). In contrast, for unpaired ssDNA 5 0 flaps at replication forks, the cleavage took place almost equally within the ssDNA region, with some preference for the 5 0 end ( Figures  7C and Figure S6A ). This was particularly evident when the undigested substrate was still ample in the reaction (cleaved products not digested further) ( Figure S6A ). The accumulation of the bottom bands (2-3 nt) seen in Figure 7C is likely due to further digestion of cleaved ssDNA products 2-3 nt from the 5 0 end. For the unpaired ssDNA 3 0 flaps at replication forks, the cleavage also took place almost equally within the ssDNA region (Figure 7D and Figure S6B ). Again, this is most evident when the cleaved products were not further digested (i.e., lane 7 Figure 7D and Figure S6B ). The fragments shorter than 25 nucleotides seen in Figures 7D and Figure S6B most likely resulted from the unwinding of the dsDNA region by the weak helicase activity associated with Dna2, or thermodynamic movement prior to cleavage. Thus, Dna2 can cleave the unpaired nascent strands at replication forks, a biological reaction essentially equivalent to Dna2-mediated cleavage of flap structures during Okazaki fragment maturation. K961T as the only copy of the dna2 gene were germinated and replication fork reversal following HU arrest was examined by electron microscopy. Error bar indicates one or a few uncertain reversed forks.
DISCUSSION
Extensive fork reversal can result in irreversible fork collapse, incomplete DNA synthesis, and cell death (Sogo et al., 2002; Tercero and Diffley, 2001; Tercero et al., 2003) . Fork reversal can also result in DNA processing that can cause DNA double-strand breaks (DSBs), unscheduled HR, and subsequent gross chromosomal rearrangement (Cha and Kleckner, 2002; Paulsen and Cimprich, 2007) , hallmarks of cancer development. We demonstrate that, upon activation of the intra-S phase checkpoint in S. pombe, Cds1 Chk2 phosphorylates Dna2-S220 and that this is necessary to prevent replication fork reversal. We also show that Cds1 Chk2 -dependent Dna2-S220 phosphorylation maintains Dna2 association with stably stalled replication forks and that recombinant Dna2 can cleave single-strand flaps modeling dissociated nascent strands, which is consistent with its known ability to cleave flap structures associated with maturation of the lagging strand.
The intra-S phase checkpoint kinases have multiple targets, of which Dna2-S220 is only one ( Figure S7 ). Interestingly, a similar percentage of reversed forks was seen in cds1 À , dna2 À , and dna2-S220A cells and in cells defective for both cds1 and dna2. This suggests that Dna2 regulation by Cds1 Chk2 is key to prevent fork reversal. However, dna2-S220A mutants were apparently less HU sensitive than cds1 À mutants and a phosphomimic dna2-S220D mutation did not completely rescue HU sensitivity of cds1 À cells. These data are consistent with the model that preventing fork reversal is only one of several functions of the intra-S phase checkpoint upon HU treatment. Thus, we propose that when a replication fork is stably stalled by the intra-S phase checkpoint, preventing fork reversal is one of several important regulatory events that prevents these stalled forks from becoming collapsed forks. In S. cerevisiae, Exo1 processes collapsed replication forks and may reduce fork reversal rates, but Exo1 itself does not prevent fork reversal per se at stably stalled replication forks because no accumulation of reversed forks is observed in HU-treated exo1D mutants (Cotta-Ramusino et al., 2005) . Thus, Dna2's role in preventing fork reversal is distinct from Exo1. S. cerevisiae Dna2 has both nuclease and helicase activities Masuda-Sasa et al., 2006; Masuda-Sasa et al., 2008; Rossi and Bambara, 2006) . However, Xenopus and human Dna2 do not possess helicase activity (Kim et al., 2006; Liu et al., 2000) , whereas S. pombe Dna2 exhibits only modest helicase activity in vitro (data not shown). One model to explain how Dna2 functions in preventing fork reversal is that Dna2 processes already regressed dsDNA arms by using its helicase activity to unwind the dsDNA, which is then cleaved by the nuclease activity. However, it is perhaps unlikely that two nascent strands (leading and lagging strands) become unpaired from their templates at the same time in order to anneal with each other to create the regressed arm. A second model is that one nascent strand becomes unpaired from its template and that this unpaired strand is cleaved by Dna2 to prevent subsequent fork reversal. This second model, which we believe to be more plausible, is strongly supported by the fact that the nuclease, but not the helicase activity, of Dna2 is necessary to prevent fork reversal (Figures 6A and 6B ).
We found that Dna2 was associated with unperturbed forks in either the presence or absence of Cds1
Chk2 . However, Dna2 dissociated from arrested replication forks when Cds1 Chk2 was absent but remained associated when Cds1 Chk2 was present. To explain this behavior, we propose that unphosphorylated Dna2 associates with the flap DNA structures (or protein-flap DNA structures) that form as a consequence of ongoing lagging strand synthesis. Upon replication fork arrest by hydroxyurea, such structures will be rapidly processed and new ones will not be formed, thus Dna2 will dissociate. We further propose that Cds1
Chk2 -dependent Dna2-S220 phosphorylation is necessary for Dna2 to associate with the stalled forks, most likely through interaction with a fork-associated protein rather than binding to a flap structure. Consistent with the regulation of Dna2 through phosphorylation, a recent report suggests that DSB end resection is regulated in S. cerevisiae by Cdk1-dependent Dna2 phosphorylation at Thr4, Ser17, and Ser237 (Chen et al., 2011) . If Cdk-dependent phosphorylation is regulating Dna2 in S. pombe, it is unlikely to be involved in the prevention of fork reversal because these sites do not appear to be conserved in S. pombe Dna2, and an N-terminal 258 amino acid deletion mutant in S. pombe Dna2 was viable and exhibited similar HU sensitivity to dna2 S220A (data not shown).
The intra-S phase checkpoint is not only required for fork stability when DNA replication is in stress but also plays a role for replication fork progressing through replication slow zones and replication barriers in normal, unchallenged S phase (Cha and Kleckner, 2002) . In the absence of Dna2 or the intra-S phase checkpoint function, replication forks stalled at these pausing sites may reverse to generate chicken foot structures. Subsequent processing of these could result in DSBs. Indeed, DSBs are elevated at replication slow zones and the rDNA replication barrier in both mec1 and dna2 mutants in S. cerevisiae (Cha and Kleckner, 2002; Weitao et al., 2003) . Thus, in addition to the recent identification of a role for Dna2 in double-stranded DNA break repair (Budd and Campbell, 2009; Cejka et al., 2010; Mimitou and Symington, 2008; Niu et al., 2010; Zhu et al., 2008) , the role of Dna2 in preventing arrested forks from reversing and generating potentially toxic chicken foot structures exemplifies its importance in maintaining genomic integrity ( Figure 7E ).
EXPERIMENTAL PROCEDURES Electron Microscopy
Electron micrographs were taken at 14,5003 magnification and an accelerating voltage of 120 kV with a FEI Tecnai 20.
Preparation of Replication Intermediate DNA for Electron Microscopic Examination
The dna2 + and dna2 À spores were germinated in EMM with appropriate supplements at a concentration of 10 6 spores/ml. HU (12.5 mM) or MMS (0.007%) was added at 6 hr after incubation and the germinated spores were harvested after an additional incubation of 6 hr. The dna2 ts and cds1
ts double-mutant cells were incubated in yeast extract (YE) at 26 C to optical density (OD) 590 = 0.2 and then the cultures were shifted to 36 C to inactivate Dna2. After incubation for 3 hr at 36 C, HU (12.5 mM) was added and the cultures allowed to continue growth at 36 C for another 3 hr. Haploid cells deleted for other genes were cultured in YE to log phase and then treated with HU (12.5 mM) for 3 hr before harvest. After harvesting, cells were crosslinked with trioxsalen (10 mg/ml, Sigma-Aldrich) in TMP buffer (10 mM Tris-HCl [pH 8.0], 0.5 mM EDTA, 25 mM NaCl) (Sogo and Thoma, 1989) . Total DNA was isolated and digested with BamHI. Replication intermediates were enriched with benzoylated naphthoylated diethylaminoethyl (BND) cellulose and spread in a monolayer of benzalkonium chloride (BAC) on the surface of bidistilled water for electron microscopic examination (Sogo and Thoma, 1989) .
2D Gel Analysis
The LD330 (WT), ETS13 (cds1 À ), dna2 ts , and cds1 À -dna2 ts double-mutant cells were incubated at 26 C to OD 590 = 0.2, and then the cultures were shifted to 36 C and incubated for a further 3 hr to inactivate Dna2 ts . HU (12.5 mM) was then added and the cultures incubated at 36 C for a further 3 hr. Before cell harvest 2 mM NaN 3 was added to the cultures. Total DNA was isolated and subsequently completely digested with KpnI and HindIII. Approximately 10 mg DNA was loaded for each 2D gel experiment. The first dimension was run in 0.35% agarose in 1 3 TAE buffer (40 mM Tris-acetate, 2 mM EDTA, 0.1 mg/ml ethidium bromide) for 20 hr, and the second dimension was run in 1% agarose gel in 1 3 TBE buffer containing 0.5 mg/ml ethidium bromide for 5 hr. After electrophoresis, the gel was soaked in 0.25 M HCl for 20 min and washed three times with distilled water. The DNA was transferred to charged nylon membrane (Millipore, 06H04908) in alkaline buffer (0.4 M NaOH, 1 M NaCl) and hybridized with ARS3001 KpnI-HindIII DNA probe (3 kb). The membrane was dried and then subjected to autoradiography.
In Vitro Dna2 Phosphorylation Assay
The cds1 gene was cloned into pSSB-Y1 plasmid (Cellgene Biolabs) for expression of a fusion protein of 6His-T7SSB-Cds1. The Cds1 was tagged at its N terminus by six histidines and T7 single-stranded DNA binding protein (T7SSB) for facilitating purification. The Cds1 fusion protein was overexpressed in Edinburgh minimal medium (EMM) medium for 12 hr (12.5 mM HU was added 3 hr before harvest for Cds1 activation). The cell extract was obtained and applied to gel filtration column. The fractions containing the fusion protein was applied to Ni-NTA column (QIAGEN) and the eluted Cds1 fraction was then purified by ssDNA-cellulose affinity chromatography. After this step, the Cds1 fusion protein was more than 98% in purity. For Dna2 phosphorylation assay, the above purified Cds1 was further purified by immunoprecipitation with antigen-purified anti-T7SSB antibody. The Cds1 fusion protein was mixed with anti-T7SSB antibody at 4 C for 2 hr. Protein-A agarose (Thermo) was then added and mixed at 4 C for 1 hr. Beads were washed five times with buffer A and then five times with kinase buffer (10 mM HEPES-NaOH [pH 7.5], 75 mM KCl, 1 mM DTT, 2.5 mM MgCl 2 , 0.5 mM EDTA, 0.1 mM PMSF). Ten microliters of 6His-T7SSB-Cds1-attached a-SSB antibody-protein A-agarose beads were mixed with 2 ml purified His-HA-Dna2 protein, 2 ml [g-32 P] ATP (PerkinElmer), 0.2 ml 10 mM ATP, 16 ml kinase buffer and then incubated at 30 C for 15 min. After centrifugation to remove Cds1-agarose beads, the supernatant was boiled in 1 3 SDS loading buffer and subsequently run in 8% SDS-PAGE gel. After electrophoresis, the gel was fixed in 5% methanol solution and dried for autoradiography.
Binding of Cds1-Phosphorylated or Unphosphorylated Dna2 to S Phase Chromatin ETS13 (cds1 À ) cells were grown in YES medium to OD 600 = $0.3 before100 mg/ml TBZ was added for 3 hr to arrest cells in mitosis. Cells released into fresh YES medium containing 12.5 mM HU and incubated for 3 hr. Thus, cells were accumulated in S phase with arrested replication forks and Dna2 was dissociated from the chromatin due to the absence of Cds1. These cells were collected, washed, and digested with lyticase (Cellgen, Beijing) for 30 min and disrupted in buffer A containing 1% Triton X-100. Cell debris was removed by low speed centrifugation (800 g) for 10 min and the chromatin was harvested by centrifugation at 15,000 g for 10 min, washed twice with buffer A (100 mM KCl) and equally divided into four aliquots.
Purified Dna2 protein was phosphorylated by Cds1 as described above ([g-32 P] ATP omitted) or not phosphorylated (all ATP omitted). The phosphorylated or unphosphorylated Dna2 protein was then mixed with chromatin from ETS13 cells treated with HU (see above) and the mixtures were incubated at 37 C for 10 min. The chromatin was recollected by centrifugation at 20,000 g for 10 min, washed twice with buffer A (100 mM KCl), resuspended in 1 3 SDS loading buffer, boiled and loaded onto 8% SDS-PAGE gel. The chromatin-bound Dna2 protein was detected by Western blot with a-Dna2 antibody. 
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